In order to activate the high precision and multi-functional machine tool, adequate technical level of the high-precision products is required. The hydrostatic bearings is used as a method for producing the highprecision products. The hydrostatic bearing has a relatively small run-out compared to its shape error by fluid film effect in hydrostatic state similar to pneumatic bearing and has high stiffness, load capacity and damping characteristics. In this study, we conducted a study on the thermal deformation of the grinding machine that has a great influence on the machining accuracy of the product. The temperature of the front bearing is 10 • C or higher than the temperature of the rear bearing. Thermal deformation of the spindle was found to be dependent on the temperature of the hydrostatic bearing and could identify the overall thermal characteristics of the grinding machine.
INTRODUCTION
A grinding machine is a type of machine tool used to precisely cut machine parts using a rotating grinding stone and is used for ensuring successful implementation of the final performance of key parts in the manufacturing process of most products.For example, its application plays an important role in assuring the the quality of products from manufacture of auto parts, electric/electronic parts, data communication equipment required in these times of informatization, general machinery, molds, optical communication parts, to precision optical devices used in the aerospace and military fields. In particular, in the case of the spindle of a machine tool rotating at a high speed, the degree of precision of the machined product apparently varies depending on the condition of the grinding machine [1] [2] [3] .
In order to materialize the high precision work of a grinding machine, a high precision of the spindle rotating system, which mostly dominates the geometric accuracy of a machined part and the surface profile, is required. Though in the past, cheap and standardized rolling bearings that have superior replaceability were used as a method for the precision of the spindle and maintaining its rigidity in high speed rotation, it is said that rolling bearing is vulnerable to friction between metal pieces, thermal deformation caused by heat, and vibration. Accordingly, hydrostatic bearings are essentially used for the spindle of a machine tool as an alternative, which has an advantage that it can maintain high precision and stiffness with no abrasion since only viscous friction of fluid left as solid friction is eliminated by the hydraulic pressure that is formed between the journal bearing and the spindle [4] [5] [6] .
As the existing hydrostatic spindle has a structure in which the power is transmitted by an external motor using a belt, vibration and noise generated during a high speed machine work affect the machining accuracy of the machine part. In this study model, the existing hydrostatic spindle structure of transmitting the power applies the design of a built-in motor to enhance the stability during high speed rotation. In addition, the deformation caused by heat should be minimized to obtain the superior machining accuracy.
Although a spindle with a built-in motor spindle can resolve the problems caused by the belt and gear moving at high speed, a thermal deformation problem can occur due to the internal heat generated during the rotation. As the degree of this thermal deformation is as big as several tens of µm, differently from several µm that is dealt with in static or dynamic deformation, it is a problem preferentially considered to improve the accuracy of the machine tool [7, 8] .
In this study, the grinding machine (hereinafter 'Hydrostatic Wheel Head') has a grinding wheel of /O400 size or bigger and peripheral velocity of 60 m/s, and is comprised of a built-in motor, hydrostatic bearings, and a hydrostatic spindle. Thus, the thermal deformation characteristics at different temperatures of the hydrostatic bearings are evaluated through the results of the finite element analysis and the test that are conducted for the structural stability of the operating wheel head based on the theoretical calculation.
THEORETICAL DESIGN METHOD OF A HYDROSTATIC BEARING
The important problem of grinding machine which is also the biggest cause for deterioration of the machining accuracy of machine parts is the thermal deformation. Accordingly, the hydrostatic wheel head in this study is a type of a driving motor which is embedded in the structure as shown in Fig. 1 , and the thermal deformation takes place in front-rear direction. Also, though each deformation is small, it is advantageous in the overall tip stiffness as the overhang is small [9] [10] [11] .
The power consumption of hydrostatic bearing can be expressed as the sum of the pumping power (N p ) and the friction power (N f ) as shown in Eq. (1), and the pumping power (N p ) can be expressed as follows:
Here n p is a dimensionless quantity, which depends only on the shape of the bearing surface, which is called the pump power factor and is expressed as n p =B/Ā 2 . AndP is the pressure ratio, which is calculated usinḡ P = P r /P s . The friction power (N f ) can be expressed as follows:
where the driving power is F and the speed is v. Heren f is a dimensionless quantity, which depends only on the shape of the bearing surface, that is called the friction power factor, and is expressed asn f = A L /A P . A L and A P represent the land area and the pressure receiving area of the bearing, respectively. The change in the temperature of the bearing (∆t) can be expressed as Eq. (3), using Eqs (1) and (2):
Since the heat generating phenomenon, which deteriorates the tip stiffness, should be suppressed in order to enhance the stiffness of the spindle, the effect on the increase in the temperature should be considered along with the bearing rigidity.
DESIGN MODEL
The wheel head is comprised of a hydrostatic spindle, hydrostatic bearings, a grinding wheel flange, a grinding wheel, a built-in motor, a cooling jacket and a body as shown in Fig. 2 .
The operating principle of the wheel head is in the structure wherein a turned machine part is ground using the rotating force of the grinding wheel that is mechanically coupled with the hydrostatic spindles through the built-in motor.
TEMPERATURE CHARACTERISTICS EXPERIMENT

Thermocouple Test
In the test, the temperature was measured using a thermocouple which converts the thermal energy generated in the motor embedded hydrostatic wheel head into electric energy and measures it. The instruments used for measurement were Agilent 34972A and GAP-SENSOR AEC-5505 as shown in Fig. 3 . As per the test conditions shown in Table 1 , the maximum rotating speed was set considering the peripheral velocity of 60 m/s. It shows that the atmospheric temperature was set to 24.4 • C and the humidity to 44 • C. Also, the temperature of the oil chiller, which is the cooling oil, was originally set to 18 • C and the viscosity of the oil used was 2.1 cSt. The test method was to set the setting temperature of the oil chiller to 18 • C under the room temperature condition, and to increase the speed by 500 rpm at an interval of an hour if the temperature range was stabilized after operating it at 0 rpm for the initial 10 minutes. The increase in the temperature of each part of the hydrostatic wheel heads was measured while the peripheral speed was increased up to 60 m/s (2,860 rpm). Figure 4 shows the process of the thermocouple test. After operating it at 0 rpm for the initial 10 minutes, the speed was increased by 500 rpm at an interval of an hour if the temperature range was stabilized. Figure 5 shows the result of the thermocouple test, and Fig. 5a shows the result of measuring the temperatures of the front and rear bearings. In the result of the test, we can see that the temperatures of the front and rear bearings have an overall trend of an increase as the rpm increases, and the temperatures of the front bearing and the rear bearing are measured to be respectively at 38.5 and 31 • C when the machine is operated at 2,860 rpm after 6 hours.
As a result of measuring the temperature, the reason why the temperature of the front bearing is higher than that of the rear bearing is presumed to be the effect of no load condition of not having the grinding wheel on the tip of the spindle. Next, natural cooling was done after six and half hours, and we can observe a gradual decrease in the temperatures of the front and rear bearings. Figure 5b shows the result of measuring the atmospheric temperature and the temperatures of the front and rear body parts. The temperatures show an overall trend of a increase as the rpm increases, and the temperature of the front and rear body parts at the maximum speed of 2,860 rpm is measured to be 35 • C. By comparing Figs. 5(a) and (b), it is noticeable that the temperature of the front and rear body parts is influenced by the temperature of the hydrostatic bearings. Figure 5 (c) demonstrates the change in the temperature of the cooling jacket and the oil pump.
The temperature of the cooling jacket constantly reads 18 • C even when the rpm increases. Due to the influence of temperature change of the hydrostatic bearing, the mean temperature of the oil pump increases and is measured as 27.5 • C at the maximum speed of 2,860 rpm.
Thermal Deformation Measurement Test
The thermal deformation of the hydrostatic wheel head was measured using LION (SEA V8.0). Figure 6 shows the test measurement coordinates and the test process of the LION equipment for the rotation axis. The thermal deformation of the rotation axis was measured for X, Y and Z axes under the condition as shown in Fig. 7 . During the test, the thermal deformations at the tip of the rotation axis were measured for a total of 60 minutes at an interval of 10 minutes at the speed of 1,450, 2,175, 2,900, 1,450, 725, and 2,175 rpm. Consequently, the temperature of the hydrostatic bearing has a big effect on the thermal deformation of the rotation axis. The thermal deformation of the X axis was measured to be 3.68µm by the rpm and the temperature of the hydrostatic bearing, and the direction of the Y axis, which is directly affected by the grinding work, is influenced by the acceleration of gravity. For the Y axis, thermal deformation of 3.61 µm took place due to the acceleration of gravity of the spindle and the temperature of the hydrostatic bearing. The spindle tip of the Z axis is less influenced by the temperature of the cooling oil, differently form that of the X and Y axes. Furthermore, the effect of the rotational inertia acts more heavily in the direction of the Z axis than in the direction of X and Y axes due to the structural characteristics of the hydrostatic wheel head. Accordingly, the thermal deformation of the Z axis showed a relatively large value of 8.35 µm in comparison to other axes due to the effect of the cooling oil temperature, structural characteristics, and the temperature of hydrostatic bearing.
THERMAL CHARACTERISTICS ANALYSIS
The analysis modeling of the hydrostatic wheel head was conducted using CATIA V5 considering the hydrostatic bearing, body, and motor in which a problem occurs in thermal deformation. For thermal deformation analysis, ANSYS Workbench v13, a commercial Finite Element Analysis Program, was used.
Analysis Conditions
The following boundary conditions were applied in order to analyze the thermal deformation that occurs with the hydrostatic spindle and the grinding machine: Fig. 9 . Mesh of the wheel head. • A thermal conductivity was applied to each component, and the boundary surface was assumed to have no thermal resistance. Also, the temperatures of the front and rear hydrostatic bearings were set as the heat sources considering the design parameters and the result of the test, and a caloric value of 2900 W was given to the built-in motor referring to its specification.
• The temperature of the hydrostatic wheel head oil was applied based on the test result, and 2.1 cSt of the viscosity of the oil was used. The temperature of the cooling jacket was applied to the contact plane of the motor and the cooling jacket considering the test result.
• In the thermal-structural coupled field analysis, the temperature of the hydrostatic wheel head generated at 2,860 rpm was applied as the thermal load, and the weight of the hydrostatic wheel head itself was applied fixing the bed and the bolt fastened part which support the hydrostatic wheel head.
The materials used for the parts that consist of the hydrostatic wheel head were GC300, SM45C, and SCM415, of which the material properties are as shown in Table 2 .
For meshwork of the hydrostatic wheel head, the Hex dominant method which can obtain accurate and highly reliable analysis result by forming the mesh uniformly was applied, and the reliability of the analysis on the thermal deformation which differs depending on the heat generating characteristics was improved by setting the lattice dense. The mesh comprised of a total of 1,745,044 nodes and 504,190 elements. Figure 10 shows the temperature distribution of the wheel head at the peripheral velocity of 2,860 rpm. The temperatures of the front and the rear bearings are shown to be 39.5 and 32 • C, respectively. The reason why the temperature of the front bearing is higher than that of the rear bearing is presumed to be because of the no load condition of not having the grinding wheel on the tip of the spindle. The temperature of the front and rear body parts is shown to be 35 • C, which corresponds to the value obtained from the test. The mean temperature of the spindle is shown to be 27 • C, and is presumed to have been influenced by the temperature of the lubricant between the bearing and the spindle. Also, due to the effect of the cooling jacket temperature, the temperature of the motor is shown to be about 20 • C. Figure 11 shows the thermal deformation of the hydrostatic spindle in the directions of X, Y and Z axes, and is the result of the analysis conducted applying the thermal load generated at 2,860 rpm. Figure 11(a) shows the deformation of the hydrostatic spindle rotation axis in the direction of the X axis, and the maximum thermal deformation generated was 4.83 µm. The thermal deformation of the X axis was caused by the heat generated by the lubricated friction between the front and rear hydrostatic bearings and the hydrostatic wheel head, and the effect of the front and rear bearing temperature in the direction of the X axis. Figure 11(b) shows the deformation of the hydrostatic spindle rotation axis in the direction of the Y axis, and the maximum thermal deformation generated was 5.43 µm. For the Y axis, the acceleration of gravity of the spindle and the lubricated friction between the hydrostatic bearings and the hydrostatic spindle were generated in the direction of the Y axis as in the case of the X axis. Accordingly, the thermal deformation was caused by the acceleration of gravity, the temperature of the front and rear bearing, and the effect of the lubricated friction in the direction of the Y axis. Figure 11(c) shows the thermal deformation of the spindle rotation axis in the direction of the Z axis, and the maximum thermal deformation generated was 14.25 µm. The maximum thermal deformation took place at the tip of the spindle, and, as to the cause, it is presumed that the temperature of the front bearing had an effect on the tip of the spindle because the temperature of the lubricant between the hydrostatic bearings and the spindle was higher than that of the front bearing by 12 • C. Also, a bigger thermal deformation was generated for the Z axis than that of the X and Y axes as the thermal load had a larger effect on the Z axis than on the X and Y axes due to its structural characteristics. In consequence, the directions of each axis of the hydrostatic spindle confirmed that the temperature of the hydrostatic was the main factor of generating heat for the hydrostatic spindle. Figure 12 shows the result of the thermal behavior-structure coupled analysis of the wheel head. Thermal deformation of about 18 µm was generated for the front and rear body parts due to the transferred heat by the front and rear hydrostatic bearings, and the thermal deformation generated for the motor was about 10 µm. This result is presumed to be because of the decrease in the thermal deformation due to the effect of the cooling jacket. Also, the result of checking the thermal behavior of the hydrostatic wheel head's front bearing confirmed that it had an effect on the tip of the spindle, and the maximum thermal deformation of the hydrostatic wheel head caused by the temperature of the front hydrostatic bearing was 29 µm. This result is presumed to because the heat generated in the front bearing had a big effect on the thermal deformation due to the no load condition of the grinding wheel on the spindle tip. Thermal deformation bigger than the analysis value will be generated by the grinding resistance that occurs during the actual grinding work and the load of the grinding wheel. Figure 13 shows the graph which compares the test values and analysis values of the thermal deformation of the hydrostatic spindle. The analysis values of the thermal deformation of each axis were shown to be bigger than the test values. Such a result was brought about during the process of simplifying the model considering only the elements which may cause a big problem in the initial thermal deformation. Accordingly, the difference between the test and analysis results is presumed to be reduced if all the elements are considered.
Results of Thermal Characteristics Analysis
Results Comparison of Test and Analysis
The test and analysis values of the thermal deformation of the X axis appeared to be similar. This result is presumed to be because the increase in the temperature of the hydrostatic bearings had an effect on the thermal deformation of the hydrostatic spindle in the direction of the X axis, both in the case of the test values and the analysis values. The test and analysis values of the thermal deformation in the direction of the Y axis also appeared to be similar. The direction of the Y axis is the direction directly influenced by a grinding process, and it is confirmed that the acceleration of gravity and the temperature of the hydrostatic bearings have an effect on the thermal deformation of the hydrostatic spindle.
The test and analysis values of the thermal deformation of the spindle in the direction of the Z axis showed some differences, which is presumed to be because not all the fastening forces of the elements supporting the Z axis were considered in the process of simplifying the analysis model. It seems that the difference between the test and analysis values will decrease if all the elements that support the Z axis are considered. Both the test values and the analysis values of the thermal deformation of the Z axis show the same trend. As to the cause, it was confirmed that the temperature of the front bearing had an effect on the thermal deformation of the spindle tip because the temperature of the front bearing was the higher that of the lubricant between the hydrostatic bearing and the wheel head by more than 10 • .
CONCLUSIONS
Based on the analysis of the structural stability of the wheel head and a test to grasp its thermal characteristics in this study, the following conclusions can be drawn:
• The result of measuring the temperature distributed over the bearings of the hydrostatic wheel head showed that the temperature of the front bearing was the highest as there was no load of the grinding wheel. As a result of the thermal deformation test conducted for the hydrostatic spindle, it was confirmed that the temperature of the hydrostatic bearings is the main cause for the occurrence of the thermal deformation in all the cases of X, Y and Z axes.
• The result of conducting a thermal-structural coupled field analysis of the hydrostatic wheel head verified that the temperature of the front and rear hydrostatic bearings is the main cause for the occurrence of the thermal deformation of the spindle, and it was confirmed that there is a trend of the test result and the analysis result corresponding to each other. Accordingly, the thermal deformation of the spindle will decrease if the increase in the temperature of the hydrostatic bearing is reduced.
• It was confirmed that, as a result of measuring the thermal deformation of the hydrostatic spindle, the analysis values and the test values are similar, and the thermal behavior characteristics of the hydrostatic wheel head can be ascertained based on its reliability. Accordingly, it is presumed to be useful for the studies on thermal deformation of the hydrostatic wheel head that utilize the hydrostatic bearing. 
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